GD3 synthase is rapidly activated in different cell types after specific apoptotic stimuli. De novo synthesized GD3 accumulates and contributes to the apoptotic program by relocating to mitochondrial membranes and inducing the release of apoptogenic factors. We found that sialic acid acetylation suppresses the proapoptotic activity of GD3. In fact, unlike GD3, 9-O-acetyl-GD3 is completely ineffective in inducing cytochrome c release and caspase-9 activation on isolated mitochondria and fails to induce the collapse of mitochondrial transmembrane potential and cellular apoptosis. Moreover, cells which are resistant to the overexpression of the GD3 synthase, actively convert de novo synthesized GD3 to 9-O-acetyl-GD3. The coexpression of GD3 synthase with a viral 9-O-acetyl esterase, which prevents 9-O-acetyl-GD3 accumulation, reconstitutes GD3 responsiveness and apoptosis. Finally, the expression of the 9-O-acetyl esterase is sufficient to induce apoptosis of glioblastomas which express high levels of 9-O-acetyl-GD3. Thus, sialic acid acetylation critically controls the proapoptotic activity of GD3.
Introduction
Lipid and glycolipid diffusible mediators are important components of the apoptotic program in many cell types. GD3 ganglioside is actively synthesized and transiently accumulates intracellularly within 30 min from the clustering of death receptors in hemopoietic cells undergoing apoptosis (1) . De novo synthesis of GD3 induced by engagement of death receptors requires the previous accumulation of ceramide deriving from the hydrolysis of membrane sphingomyelin, by the action of acidic sphingomyelinase (2) . The final step of de novo GD3 synthesis is catalyzed by the ␣ -2,8-sialyltransferase (GD3 synthase or ST8Sia-I), an early Golgi-resident luminal enzyme which mediates the attachment of a second sialic acid to the sialic acid of GM3 ganglioside, its main substrate. Transient accumulation of GD3 in the early Golgi is followed by relocation of GD3 to mitochondrial membranes (3) . GD3 directly affects mitochondrial physiology by inducing the opening of the permeability transition pore complex (PTPC), * the collapse of mitochondrial transmembrane potential, mitochondrial swelling, uncoupling of the respiratory chain, generation of reactive oxygen species (ROS), and the release of apoptogenic factors such as cytochrome c and apoptosis-inducing factor (AIF; references 3-6). GD3-induced mitochondrial changes result in the activation of caspase-9 and are synergized by bax and antagonized by bcl-2 (3, 7). Mitochondrial changes and apoptosis can be induced directly by exposing the cells to natural or synthetic GD3 (8) , or by forcing the expression of the GD3 synthase (1) . Accordingly, blocking the expression of the GD3 synthase significantly prevents death receptor-induced and ceramideinduced apoptosis.
In some cell types, GD3 ganglioside is therefore a powerful inducer of mitochondrial dysfunction and apoptosis. However, the molecular mechanisms which regulate GD3 activity are completely unknown.
GD3 contains two sialic acid residues, sequentially attached to the galactose residue. The most common postsynthetic modification of GD3 is O-acetylation at the C9 position of its terminal sialic acid (9) (10) (11) . The ester bond is catalyzed by specific, yet elusive, acetyltransferases (12) , which probably colocalize with the GD3 synthase in the same Golgi compartments. The resulting 9-O-acetyl GD3 is expressed in a developmentally regulated and tissue-specific manner (13) , and is abundant in a variety of tumors (14) (15) (16) . Specific O-acetylesterases are responsible for the hydrolysis of the ester bond (17) , converting the 9-Oacetyl GD3 back to GD3 (18) . The ratio between acetylated and nonacetylated forms of GD3, and their subcellular distribution, may vary among different cells (19) , suggesting cell-specific regulatory mechanisms and compartmentalized functions. O-acetylation affects in fact the structural properties of sialic acid, changing binding and antigenic specificities, as well as biological activities (9) .
We therefore investigated whether O-acetylation affects the proapoptotic activity of GD3. We found that 9-Oacetyl GD3 is completely ineffective in inducing mitochondrial changes and cellular apoptosis and that some cells convert GD3 into 9-O-acetyl GD3 to prevent GD3-induced apoptosis. By turning proapoptotic GD3 into 9-Oacetyl GD3, sialic acid acetylation may therefore cooperate to cell survival.
Materials and Methods
Cell Culture and Reagents. HEK-293 and U87 cells were cultured in DMEM supplemented with 10% fetal bovine serum. U118 were cultured in minimum essential medium (MEM) with Earle's Salts supplemented with 10% fetal bovine serum. GD3 was purchased from Sigma-Aldrich or Qbiogene. 9-O-acetyl GD3 was purified from bovine buttermilk as described previously (20) . Monoclonal antibody for cytochrome c was from BD Biosciences (clone 7H8.2C12). Polyclonal antibody against caspase-9 p18 subunit was from Santa Cruz Biotechnology, Inc. (clone H-170). The anti-GD3 mAb (IgG3) was protein G-purified from the R24 hybridoma supernatant. Anti-9-O-acetyl GD3 mAb (IgM) was obtained from the M-T6004 hybridoma supernatant (a gift from Dr. E. Rieber, University of Dresden, Dresden, Germany; reference 21). The anti-9-O-acetyl GD3 P-Path mAb (IgM) is a gift of Dr. Y. Hirabayashi (Riken Institute, Saitama, Japan; reference 22). The anti-9-O-acetyl GD3 mAb UM4D4 (Ancell), was used for FACS ® staining (23) .
DNA Constructs. GD3 synthase plasmids: WT GD3 synthase fused to the GFP, pEGFPwtST8, and its inactive mutant pEGFPmST8 have been described previously (1) . The plasmid GFP-spectrin was a kind gift from Dr. R. Kalejta (Princeton University, Princeton, NJ; reference 24). The plasmid pAIISVL 2 -CHA4 containing the viral 9-O-acetylesterase gene was a kind gift of Dr. P. Palese (Mount Sinai Medical Center, New York, NY). The cDNA was further cloned into the expression vector pcDNA3 (Invitrogen). The viral 9-O-acetylesterase dead mutant S57A was generated using the Quick Change Site-directed Mutagenesis kit (Stratagene) and WT viral 9-O-acetylesterase as a template. Each mutation was confirmed by sequencing.
TLC, Immunostaining, and FACS ® Analysis. Gangliosides were extracted as previously described with minor modifications (1) . Briefly, cells were disrupted by three cycles of freezing and thawing. The aqueous pellet was extracted with chloroform/ methanol (1:2, vol/vol) after 30 s sonication at 10 Watts. After 20 min vortex and 5 min centrifugation at 15,000 g , the upper phase was recovered and water was added to obtain a final ratio of chloroform/methanol/water (4:8:5, vol/vol/vol). After vortex and 5 min centrifugation at 15,000 g , the upper phase was recovered. Two volumes of methanol were added and evaporated to dryness under nitrogen gas. Gangliosides were then resuspended in chloroform/methanol (2:1, vol/vol) and loaded on a silica gel 60 HP-TLC plate (Merck) and chromatographed in chloroform/methanol/CaCl 2 containing 0.2% (wt/vol; 2:1:0.2, vol/vol/vol). Plates were treated with 0.5% polyisobutyl-metacrylate in hexane and dried. To carry out immunostaining for GD3 and 9-O-acetyl GD3, the plate was first treated with PBS, 0.05% Tween 20, 1% BSA for 15 min to minimize nonspecific staining, incubated for 1 h with R24 monoclonal anti-GD3-antibody (1:500), or monoclonal anti 9-O-acetyl GD3 (P-Path or M-T6004, 1:500 or 1:200 respectively) followed by a horseradish peroxidase-conjugated anti-IgG or anti-IgM secondary antibody, respectively. Specific bands were detected by chemiluminescence (ECL; Amersham Biosciences), according to the manufacturer's instructions.
Cellular levels of 9-O-acetyl GD3 were also measured by FACS ® analysis. Briefly, cells were fixed for 15 min at room temperature with 2% paraformaldehyde, permeabilized for 30 min at 37 Њ C with 60 M digitonine, and treated with 3% FCS at 37 Њ C for 1 h to minimize nonspecific staining. Samples were then incubated for 60 min at 37 Њ C with anti-9-O-acetyl GD3 mAb (Ancell), or isotype-matched control mAb, at a final concentration of 20 g/ml. Cells were further stained with secondary RPE-conjugated goat anti-mouse IgM antibody (Oxford Biomarketing) for 30 min at room temperature and analyzed with a FACScan™ flow cytometer (Becton Dickinson).
Alkaline Treatment of Gangliosides. 0.1 mg of 9-O-acetyl GD3 or GD3 were evaporated to dryness under nitrogen gas and resuspended in 1 ml of aqueous 1 N NaOH, sonicated for 5 min in an ultrasonic bath, and incubated for 60 min at 37 Њ C. After neutralization with 1 ml of 1 N acetic acid, the recovered glycolipids were purified with C18 column (Supelclean LC-18, Supelco), run on an HP-TLC plate, and visualized by ␣ -naphtol/sulfuric acid staining.
Liver Mitochondria Purification and Release of Apoptogenic Factors. Mitochondria were purified from mouse liver, as described (3), and resuspended in 300 mM sucrose, 0.2 mM EGTA, 5 mM TES, pH 7.2. For the induction of permeability transition (PT), mitochondria (5 mg protein/ml) were resuspended in PT buffer (200 mM sucrose, 10 mM Tris-MOPS, pH 7.2, 5 mM Tris-succinate, pH 7.2, 1 mM Tris-phosphate, pH 7.2, 10 M EGTATris, 2 M rotenone, and 5 M Ca 2 ϩ ) and after addition of 200 M Ca 2 ϩ , 10-40 M GD3, or 9-O-acetyl GD3 for 30 min, supernatants from mitochondria were recovered by centrifugation (15,000 g for 20 min). Supernatants were then analyzed by SDS-PAGE, blotted onto nitrocellulose membranes and probed with specific antibodies. The following antibodies were used: mouse anti-cytochrome c mAb (1:500 in PBS, 0.1% Tween 20, 5% milk powder), rabbit anti-caspase-9 polyclonal antibody (1:200 in PBS, 0.1% Tween 20, 5% milk powder). Horseradish peroxidase-conjugated secondary antibodies were used and Western blots were revealed by ECL.
Transfections and Apoptosis Analysis. HEK-293 cells were transfected with the calcium phosphate method. The day before transfection, 6.5 ϫ 10 6 cells were plated in 10-cm dishes. The next day, 70-80% confluent cells were transfected with 8 g of the different expression vectors. 40 h after transfection, cells were harvested for TLC analysis. 10-cm dishes were divided in two equal parts, one for GD3 analysis, the other one for 9-O-acetyl GD3. U87 and U118 cells were transfected with Lipofectamine 2000 according to manufacturer's instructions. Briefly, cells were cotransfected with pEGFP vector (CLONTECH Laboratories, Inc.) or GFP-spectrin and vector of interest in a 1:3 ratio. Mitochondrial damage was assessed using JC-1 (Molecular Probes) to analyze the loss of mitochondrial transmembrane potential ( ⌬⌿ m) and nuclear condensation/fragmentation was evaluated using Hoechst 33342 (Molecular Probes). Carbocyanine dye JC-1 exists as a monomer or as J-aggregate forms, depending on concentration and membrane potential. While polarized mitochondria exhibit J-aggregates, with an emission max of 590 nm, depolarized mitochondria exhibit monomers, with an emission max at 527 nm, thus permitting to discriminate the mitochondrial transmembrane potential with a fluorescence microscope by using a standard fluorescein longpass optical filter (25) . Briefly, HEK-293 cells were stained 30 min with JC-1 (1 g/ml) and Hoechst (500 ng/ml) and then analyzed with a fluorescence microscope (IX50; Olympus) with adequate filters. Typically, two independent investigators scored the apoptotic cells in blind, counting at least 200 cells from nine different microscopic fields.
To score the percentage of transfected (green) HEK-293 cells undergoing apoptosis, cells were harvested 16 h after transfection and replated onto coverslips. Cells were then stained with Hoechst 33342 (500 ng/ml for 30 min) and cell death was calculated counting the condensed and/or fragmented nuclei, as detailed above. For U87 and U118, cells were stained with Hoechst (500 ng/ml for 30 min) 24 h after transfection and cell death was calculated counting the condensed and/or fragmented nuclei of transfected (green) cells, as described above.
Results and Discussion

9-O-acetyl GD3 Is Unable to Induce Cytochrome c Release from Mitochondria and Activation of Caspase-9.
The interaction of GD3 with mitochondrial membranes causes cytochrome c release and caspase-9 activation, thereby triggering apoptosis (3) (4) (5) . To verify whether 9-O-acetyl GD3 retains the proapoptotic functions of GD3, purified mitochondria were exposed to 9-O-acetyl GD3 and the amount of cytochrome c released in the supernatants quantitated by Western blot analysis and immunostaining. Fig. 1 B shows that, unlike GD3, purified 9-O-acetyl GD3 is completely unable to induce the release of cytochrome c from mitochondria. Accordingly, exposure of isolated mitochondria to purified 9-O-acetyl GD3 did not result in caspase-9 activation, unlike GD3, as revealed by the detection of the caspase-9 p35 fragment in the supernatants, by Western blot analysis and immunostaining (Fig. 1 C) . To verify that the acetyl moiety is responsible for the loss of function of 9-O-acetyl GD3, we deacetylated 9-O-acetyl GD3 in vitro by alkaline treatment, in order to recover GD3 (Fig. 1 A) . Deacetylated 9-O-acetyl GD3 is able to induce cytochrome c release from isolated mitochondria to the same extent as GD3 (Fig. 1 B) .
We also investigated whether 9-O-acetyl GD3 could inhibit GD3-induced mitochondrial changes. GD3 and 9-O-acetyl GD3 were mixed in different ratios within a fixed total amount of gangliosides (40 M) which did not cause non specific, detergent-like effects. Isolated mitochondria were exposed to the different ganglioside mixes and the release of cytochrome c quantitated by Western blot analysis and immunostaining. Fig. 1 D shows that cytochrome c was similarly released by mitochondria exposed to the GD3/9-O-acetyl GD3 mixes or to GD3 alone, indicating that 9-O-acetyl GD3 does not inhibit GD3-induced changes.
9-O-acetyl GD3 Is Unable to Trigger Mitochondrial Changes and Apoptosis. Exposure of intact cells to exogenous GD3
induces the collapse of mitochondrial transmembrane potential ( ⌬⌿ m) and triggers apoptosis. To investigate whether sialic acid acetylation affected the proapoptotic activity of GD3, HEK-293 cells were exposed to 9-O-acetyl GD3. As shown in Fig. 2, 9 -O-acetyl GD3 could not affect the mitochondrial transmembrane potential of HEK-293 cells (Fig. 2 A) , nor induce apoptosis (Fig. 2 B) . In vitro deacetylation of sialic acid restored the ability of 9-O-acetyl GD3 to induce mitochondrial changes and apoptosis. 
GD3 Acetylation and Apoptosis
Moreover, competition experiments indicated that 9-Oacetyl GD3 could not prevent GD3-induced apoptosis (unpublished data). Together these results strongly suggested that sialic acid 9-O-acetylation might represent a mechanism to inactivate GD3 in vivo. We therefore further investigated the functional implications of this finding.
Cells Which Are Resistant to Endogenous GD3 Accumulation Synthesize 9-O-acetyl GD3. Several cell lines undergo massive mitochondrial damage and apoptosis upon acute intracellular GD3 accumulation, a condition which can be experimentally achieved by GD3 synthase overexpression. Selected cell lines, however, while still sensitive to exogenous GD3 exposure, fail to undergo apoptosis upon GD3 synthase overexpression and endogenous GD3 accumulation. As shown in Fig. 3 A, HEK-293 cells, which undergo apoptosis upon exposure to exogenous GD3 (Fig. 2 B) , are completely resistant to GD3 synthase overexpression. To verify that GD3 synthase overexpression was indeed inducing GD3 accumulation in HEK-293 cells, the amount of GD3 was assessed by TLC and immunostaining. Fig. 3 B shows that HEK-293 cells transfected with GD3 synthase, but not with a catalytically dead GD3 synthase mutant which lacks part of the catalytic site (1), accumulate GD3 efficiently. Interestingly, a simultaneous immunostaining for 9-O-acetyl GD3 revealed that GD3 synthase-transfected HEK-293 were also accumulating 9-O-acetyl GD3, indicating that part of the de novo synthesized GD3 was converted to 9-O-acetyl GD3, by the concomitant activation of endogenous sialic acid acetyltransferases.
In Vivo Deacetylation of De Novo-synthesized 9-O-acetyl GD3 Triggers Apoptosis. The above mentioned findings suggested that GD3 to 9-O-acetyl GD3 conversion, mediated by endogenous sialic acid acetyltransferases, might represent an efficient cell survival strategy in response to stressinduced acute GD3 accumulation. To test this hypothesis, we first decided to force the in vivo deacetylation of de novo-synthesized 9-O-acetyl GD3 by coexpressing a specific sialic acid acetylesterase. We used the influenza type C viral 9-O-acetylesterase, known to efficiently de-acetylate 9-O-acetyl GD3 in mammalian cells (26) . We also prepared an enzymatically dead version of the same viral acetylesterase by substituting a critical Ser57 residue with Ala, based on structural informations (27) . We transiently coexpressed the wild-type 9-O-acetylesterase, or the dead 9-Oacetylesterase, together with the wild-type GD3 synthase, or the dead GD3 synthase in HEK-293 cells. The accumulation of GD3 and 9-O-acetyl GD3 in cotransfected cell cultures was monitored along with the induction of apoptosis. As shown in Fig. 4 A, the coexpression of both dead mutants, or the coexpression of the dead GD3 synthase together with the wild-type 9-O-acetylesterase, did not result in any GD3 or 9-O-acetyl GD3 accumulation. Moreover, the coexpression of the wild-type GD3 synthase together with the dead 9-O-acetylesterase, resulted in the accumulation of both GD3 and 9-O-acetyl GD3. This last condition parallels what already shown in Fig. 3 , and no specific apoptosis can be induced in HEK-293 cells (Fig. 4 B) . However, the coexpression of the wild-type forms of both enzymes resulted in enhanced accumulation of GD3 and in the disappearance of 9-O-acetyl GD3, due to the action of the 9-O-acetylesterase. Importantly, in this last condition, extensive apoptosis of HEK-293 could be induced (Fig. 4  B) . Apoptosis is strictly dependent on specific deacetylation of 9-O-acetyl GD3, since the dead 9-O-acetylesterase is ineffective, and it does not occur in the absence of de novo 9-O-acetyl GD3 synthesis. These results strongly suggest that when the attempt to transform part of the accumulating GD3 into 9-O-acetyl GD3 is reversed by the action of the 9-O-acetylesterase, a critical GD3 threshold is exceeded and HEK-293 cells undergo apoptosis.
Deacetylation of Endogenous 9-O-acetyl GD3 Directly Induces Apoptosis of Human Tumor Cells.
To further support the notion that the ratio between GD3 and 9-O-acetyl GD3 might critically affect survival of tumor cells, we investigated tumor cell lines which constitutively synthesize and express both GD3 and 9-O-acetyl GD3. We tested the hypothesis that, by selectively breaking the endogenous GD3/9-O-acetyl GD3 balance in favor of GD3, we would induce apoptosis. The viral 9-O-acetylesterase is known to deacetylate 9-O-acetyl GD3 in neural tumor cells (18) . Therefore, the viral 9-O-acetylesterase, and its catalytically dead mutant, were expressed in the human glioblastoma cells U118, which constitutively express both GD3 and 9-O-acetyl GD3, as assessed by TLC and immunostaining (Fig. 5 A) . The 9-O-acetylesterase was also expressed in the human glioblastoma U87, which expresses GD3 but lacks detectable 9-O-acetyl GD3 (Fig. 5 A) . As shown in Fig. 5 B, the 9-O-acetylesterase, but not its catalytically dead mutant, directly triggered apoptosis of U118 cells expressing 9-O-acetyl GD3. By contrast, the 9-O-acetylesterase, as well as its catalytically dead mutant, did not induce apoptosis in U87 cells lacking 9-O-acetyl GD3 (Fig. 5 C) . To verify that the viral 9-O-acetylesterase was in fact active in glioblastoma cells, U118 cells were cotransfected with 9-O-acetylesterase and GFP-spectrin to allow the detection and electronic gating of transfected cells by FACS ® analysis (24) . Fig. 5 D shows that the levels of cellular 9-O-acetyl GD3 were significantly decreased in U118 cells transfected with the 9-O-acetylesterase, compared with vector-trans- fected cells. Together these results indicated that the 9-Oacetylesterase was specifically acting upon endogenous 9-O-acetyl GD3 and that the GD3/9-O-acetyl GD3 ratio may significantly control survival of tumor cells.
Concluding Remarks. Mitochondria act as "sensors" of stress-induced lipid and glycolipids, from simple unicellular organisms to metazoans (28) (29) (30) . The stress mediator ceramide, generated by the action of sphingomyelinases, is largely converted to GD3 ganglioside. In different cell types, upon acute GD3 accumulation and relocalization to mitochondrial membranes, the mitochondrial PTPC opens and, concomitantly, cytochrome c is released, causing the activation of caspase-9 and downstream caspases (3) (4) (5) . Some tumor cells, however, may actively O-acetylate the terminal sialic acid of GD3, generating 9-O-acetyl GD3, thus enhancing their in vivo metastatic potential. In fact, C6 rat glioma cells transfected with the GD3 synthase express both GD3 and 9-O-acetyl GD3 and show increased tumorigenicity and invasiveness (31) . We found that 9-Oacetyl GD3 is completely unable to induce mitochondrial changes and cellular apoptosis. Sialic acid O-acetylation is likely to critically modify either hydrophobicity or steric conformation of GD3, so that putative interactions with PTPC elements or other components of the mitochondrial membrane are prohibited. By turning part of proapoptotic GD3 into the "harmless" 9-O-acetyl GD3, sialic acid O-acetylation acts as an effective antiapoptotic mechanism. Sialic acid O-acetylation may therefore represent an important strategy adopted by tumor cells to escape acute GD3 accumulation during cellular stress and to enhance survival.
Acetylation is a covalent modification of biological molecules, which may profoundly affect their stability, specificity, and function (32, 33) . Specific acetyltransferases and deacetylases are therefore involved in multiple biological processes, including apoptosis. It has been shown, in fact, that N-acetylation of critical lysines in the COOH terminus of tumor suppressor p53, controlled by histone acetyltransferases and specific deacetylases (34) , modulates p53 function, contributing to the regulation of the apoptotic program (35) . Similarly, N-acetylation may regulate the proapoptotic activity of p73 and Rb proteins (36, 37) . Here we show that sialic acid O-acetylation of GD3 ganglioside controls its ability to induce mitochondrial changes and to trigger apoptosis, providing the first example of gain/loss of proapoptotic function regulated by acetylation in a lipid mediator. Importantly, the ratio between GD3 and 9-O-acetyl GD3 may critically affect survival of tumor cells, as shown here in glioblastoma cells. Little molecular information is available at the moment on human GD3 acetyltransferases and acetylesterases. Further characterization of the enzymes involved in the control of GD3 acetylation in humans are expected to provide interesting new targets for the pharmacological manipulation of the apoptotic program.
